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Challenging Balance between 
Productivity and Environmental 
Quality: Tillage Impacts
D.C. Reicosky, T.J. Sauer, and J.L. Hatfi eld
The increasing pressure to provide food security, enhance environmental quality, and address societal problems creates challenges for agriculture and requires we consider how to change 
our current systems to become more sustainable. Wiebe (2003) stated, “Not only is the contempo-
rary food system inherently unsustainable, increasingly it is damaging the environment.” There 
have been adverse eff ects in all parts of the world on soils, water, and biodiversity. Poor man-
agement of our agricultural systems has contributed to human-induced climate change, and, in 
turn, human-induced climate change threatens agricultural productivity. In many developed 
countries, access to quality food is taken for granted, and farmers and farm workers are poorly 
rewarded for acting as stewards of the Earth’s land area used for agricultural production. There 
is litt le emphasis on the conservation ethic. More troubling, the environmental degradation 
caused by intensive agriculture will likely worsen as the global population grows to eight or ten 
billion in the next three decades.
Modern agriculture is no longer approached as a single issue and is a business that includes 
far more than just production of food. We have to learn how to pay farmers to not only produce 
food, animal feed, fi ber, and biofuel, but to value the environmental services they impact dur-
ing crop production. We must consider the environmental issues of biodiversity and water, the 
economic issues of marketing and trade, and the social concerns of gender and culture. All of 
this must be done in an economically, environmentally, and socially sustainable manner. We 
need a fundamental reevaluation of agricultural knowledge, science, and technology transfer 
to achieve a sustainable global food system. Challenges include giving farmers bett er access to 
knowledge, technology, and credit and bringing the necessary information and infrastructure 
to rural areas.
Much of the environmental damage from agriculture is directly related to the intensive tillage meth-
ods used in present-day agricultural production systems. The environmental damage takes a number 
of forms: erosion and salinization of soils, deforestation as more land is brought into cultivation, fer-
tilizer runoff  that ultimately creates enormous “dead zones” around the mouths of many rivers, loss 
of biodiversity, fresh water scarcity, and agrochemical pollution of water and soil (Lal et al., 2007). 
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In short, we in developed countries create 
unprecedented abundance while ignoring the 
long-term consequences of our actions. This is 
reminiscent of previous agricultural societies—
the Greeks, Babylonians, and Romans—who 
all destroyed soil and habitat in their eff orts to 
feed growing urban populations and collapsed 
as a result (Lowdermilk, 1953; Gebregziabher 
et al., 2006; Lal et al., 2007). Historical lessons 
from impacts of intensive agriculture and plow 
tillage provide modern civilization learning 
opportunities that can lead to a brighter future. 
Hopefully, we can quickly learn and act to 
avoid repeating history.
Objective
Agriculture uses natural resources—sun, 
soil, water, and air—to produce food. We in 
developed countries still have a poor under-
standing of the properties and conditions 
of these critical resources. Intensive agricul-
ture can lead to deterioration in the quality 
of these natural resources and their ability to 
support food production for an expanding 
population. The consequences of intensive 
agriculture on environmental quality require 
reevaluation and an enhanced educational 
eff ort to bring together a bett er understand-
ing of the unintended human impact on our 
food production systems (Tinker, 1998; Wiebe, 
2003). The contemporary buzzword “sustain-
able development” has become overworked 
and needs to be related to productivity and 
environmental quality (Du Pisani, 2006). The 
objective of this chapter is to identify key 
issues that need to be addressed to maintain 
agricultural production for the expanding 
population with minimal impact on environ-
mental quality by addressing agricultural, 
social, economic, and political issues as they 
interact to provide a quality of life acceptable 
to all. Emphasis will be placed on the impor-
tance of soil management, as illustrated in 
Fig. 2|1, particularly the unintended conse-
quences of tillage, as the controlling factor 
in maintaining this delicate balance between 
agricultural productivity and environmental 
quality (Lal, 1998; Grandy et al., 2006; Robert-
son and Swinton, 2005; Sanchez et al., 2004; 
Sandor and Eash, 1995; Troeh et al., 1999).
Global Population 
Growth and Land 
Available for Food 
Production
One way to increase food production is to 
increase the amount of land devoted to agri-
cultural production. Agriculture has a fi nite 
amount of land suitable, with today’s tech-
nology, to support the ever-increasing global 
population and the accompanying required 
increase in the capacity of food production 
systems. About 71% of the Earth’s surface 
area is covered by oceans, and 29% (148.9 
million km2) is land area (Weast, 1981). Ice-
free lands include desert and wastelands, 
forests and savannas, pasture and range-
land, swamps, bogs and lakes, and urban 
areas (FAOSTAT, 2009; Weast, 1968, 1981). 
As of 2006, about 37% of Earth’s land area 
was used for agriculture. About one-third of 
this area, or 11% of Earth’s total land (∼163 
million ha), is used for arable crops. The bal-
ance, roughly 26% of Earth’s land area, is 
pastureland, which includes cultivated or 
wild forage crops for animals and open land 
used for grazing (FAOSTAT, 2009).
Population growth is expected to 
increase, and the world population is pro-
jected to reach ten billion by 2050, which 
decreases the per capita arable land. The 
estimated global population in 2008 
was 6.707 billion people and is presently 
expanding at the rate of ∼1.2% per year 
(U.S. Census Bureau, 2007). These num-
bers indicate that annual individual food 
and living requirement must be grown on 
Fig. 2|1. Our world rests on balancing 
agricultural productivity and environ-
mental quality through improved soil 
management and carbon cycling.
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∼0.21 ha of arable land. This is the same 
area as a square lawn area 46 m on each 
side. If we include the area of permanent 
crops and permanent pastures as an area 
to produce food and living space, then 
each individual has ∼0.74 ha. These esti-
mates are similar to those of Ramankutt y 
et al. (2002), who stated, “the cropland 
base diminished from ∼0.75 ha person−1
in 1900 to ∼0.35 ha person−1 in 1990. This 
loss of croplands was not globally uni-
form, and more than half the world’s 
population, living in developing nations, 
lost nearly two-thirds of their per capita 
cropland base.” More intensive agricul-
tural production will have to meet the 
increasing food demands for this increas-
ing population, especially because of an 
increasing demand for land area to be 
used for biofuels. Thus, the long-term soil 
degradation as a result of intensive plow 
tillage must be addressed, and heeding its 
implications for long-term food security 
must signifi cantly infl uence our agricul-
tural management practices to protect 
soil quality for our expanding population. 
Overall, the global food production sys-
tem is increasingly vulnerable to regional 
disruptions because of our increasing reli-
ance on expensive technological options 
related to fossil fuels to increase agricul-
tural production.
The FAO (FAOSTAT, 2009) categories of 
agricultural land (total of 4,967,579,500 ha) may 
not be precise quantitatively because they do 
not refl ect land that has gone out of production 
or other land that may be potentially used for 
future production. The potential for increased 
production on good-quality cropland is con-
siderably more limited; however, there does 
appear to be some potential to bring new land 
under cultivation, even though it may be a 
relatively small amount. Bringing new land 
under production must be balanced by losses 
of land area used for production. As the pop-
ulation grows and urban areas expand, some 
farmland is paved over. The impact of urban 
sprawl is obvious in many developed coun-
tries, especially in the United States. On a 
worldwide basis this sprawl takes up only 3% 
of the land area, but it will eventually have 
an eff ect on global agriculture (Heimlich and 
Anderson, 2001; Gardner, 1996; Buringh, 1989).
The global climate change att ributed to 
agriculture may result in some redistribution 
of agricultural production more favorable 
to the crop plants. The primary concern of 
many experts is that land currently in pro-
duction, may eventually be degraded by soil 
loss or contamination to such a degree that 
can be no longer used to grow crops (Lar-
son et al., 1983; Lal, 1989, 1998; Pimentel et al., 
1995; Lal et al., 1998). Gardner (1996) stated, 
“While the world’s major grain producers 
have over expanded into marginal land in 
recent years, damaging large areas of land 
in the process, they now are pulling back 
the land that can be cultivated with a result-
ing loss in grain production.” However, these 
defi nitions and estimated areas indicate the 
relatively small land area per capita available 
for food production to cope with the expand-
ing global population.
From the global soil map and soil cli-
mate GIS information, Beinroth et al. (1994) 
stated that “about 29.45% of the Earth’s ice-
free land surface is too dry for sustainable 
human habitation). Advanced water and 
energy supply and irrigation techniques 
have enabled some use of these arid lands. 
About (15.46%) of the land is the cold tun-
dra zone, which are not easily amenable to 
normal agriculture.” Eswaran et al. (1997) 
noted that “there are other constraints, 
which prevent the use of soils for agricul-
ture. Saline and alkaline soils, for example, 
occupy 2.4% of the land surface, and soil 
acidity aff ects 14.1% of the total land. There 
are sloping lands, sandy soils, soils with 
low water and/or nutrient-holding capac-
ity, soils with high organic matt er (peats), 
etc. Some limitations are considered per-
manent or cannot be corrected by low to 
medium-level inputs.”
Smil (1987) stated that “a country with 
less than 0.07 ha of arable land per person 
cannot feed its population in the absence of 
very intensive agriculture. This is a popula-
tion supporting capacity of about 14 persons 
per ha of land, which itself is an unreal-
istically high number. The fossil energy 
inputs required to produce suffi  cient food 
at this level would be excessively high for 
any meaningful output. With countries that 
have per capita land area numerically close 
to 0.07 ha; this does not imply that their agri-
culture production is designed to support 
14 or more persons. The concern is the 0.07 
ha estimate is now widely used by United 
Nations organizations as an optimistic ref-
erence for evaluating agricultural land’s 
carrying capacity.”
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Effect of Climate 
Change on Agriculture
The IPCC report (IPCC, 2007) stated, “Global 
environmental change concerns us all.” Sci-
entists have assembled the evidence for 
climate change and emphasized its anthro-
pogenic causes. In a remarkably short time, 
scientists have concluded that warming of 
the climate system is “unequivocal” and that 
there is a “very high confi dence that the glob-
ally averaged net eff ect of human negativity 
since 1750 has been one of warming.” The 
much greater problem for farmers is destabi-
lization of weather patt erns. We face not just a 
warmer climate, but climate chaos: droughts, 
fl oods, and stronger storms in general (hur-
ricanes, cyclones, tornadoes, hail storms)—in 
short, unpredictable weather of all kinds. 
Farmers depend on relatively consistent sea-
sonal patt erns of rain and sun, cold and heat; 
a climate shift  can spell the end of farmers’ 
ability to grow a crop in a given region, and 
a single storm can destroy an entire year’s 
production. Eswaran et al. (1997) concluded, 
“Environmental degradation, water shortages, 
salinization, soil erosion, pests, disease, and 
desertifi cation all pose serious threats to our 
food supply, and are made worse by climate 
change. But many of the conventional ways 
used to overcome these environmental prob-
lems further increase the consumption of 
fi nite oil and gas reserves and environmen-
tal degradation as we att empt to maintain 
agricultural productivity for the expanding 
population.” Science may lay out the possi-
bilities but cannot aff ect the solutions that 
require social and economic interaction and 
policy implementation.
Global warming can aff ect crop yields 
in a variety of ways, both positively and 
negatively (Rosenzweig and Hillel, 1995). 
The increase in atmospheric carbon diox-
ide concentration increases the effi  ciency of 
photosynthesis and thereby enhances plant 
growth and increases water-use effi  ciency. 
The higher temperatures associated with 
global warming will increase the length of 
the growing season, and thus, agricultural 
production may become feasible in areas 
presently too cold. The increased tempera-
tures may cause plants to mature faster, but 
any yield loss may be off set using double 
cropping techniques. Another concern is 
that pests and diseases oft en thrive in higher 
temperature conditions and may contribute 
to lower yields. Using models, Rosenzweig 
et al. (1993) estimated that if temperatures 
increased by 2°C, then maize and rice yields 
will increase about 8%. One major negative 
is the frequency of extreme meteorological 
events such as unseasonable frosts, hur-
ricanes, tornadoes, heavy rainstorms, and 
droughts, which can all disrupt crop pro-
duction and cause lower yields.
Another concern is that global warm-
ing may cause agricultural production to 
shift  from one geographical area to another. 
There may be production time lost as we 
adapt to this shift  in climate change, and 
another secure food source may be required 
during this transition stage. There are con-
cerns that problems in establishing the 
institutional and infrastructure needed to 
move the food from the production area to 
the consuming areas can be considerable 
(Rosenzweig and Hillel, 1995). Rosenzweig 
and Hillel (1995) noted, “While the overall, 
global impact of climate change on agricul-
ture production may be small, regional food 
defi cits may increase, due to problems of 
distributing and marketing food to specifi c 
regions and groups of people.”
A recent comprehensive report covering 
this subject is one of a series of products 
from the U.S. Climate Change Science Pro-
gram (CCSP, 2008), with special emphasis on 
agriculture covered by Hatfi eld et al. (2008). 
This report builds on extensive scientifi c lit-
erature and a series of recent assessments 
of the historical and potential impacts of 
climate change and climate variability on 
managed and unmanaged ecosystems and 
their constituent biota and processes. The 
general time horizon for this report is from 
the recent past through the period 2030–
2050, although longer-term results out to 
2100 are also considered. Assessment of the 
eff ects of climate change on U.S. agricul-
ture, land resources, water resources, and 
biodiversity are provided. These insights 
are mainly focusing on eff ects of climate 
on cropping systems, pasture and graz-
ing lands, and animal management. The 
report discusses the nation’s ability to iden-
tify, observe, and monitor the stresses that 
infl uence agriculture, land resources, water 
resources, and biodiversity, and evaluates 
the relative importance of these stresses and 
how they are likely to change in the future.
Briefl y, the CCSP (2008) report summarizes 
the eff ects of climate change on U.S. land and 
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water resources, agriculture, and biodiversity 
and provides the following conclusions:
1. Climate changes—temperature increases, 
increasing CO2 levels, and altered pat-
terns of precipitation—are already 
aff ecting U.S. water resources, agricul-
ture, land resources, and biodiversity.
2. Climate change will continue to have 
signifi cant eff ects on these resources 
over the next few decades and beyond.
3. Many other stresses and disturbances 
are also aff ecting these resources in 
the form of multiple environmental 
drivers (e.g., land use change, nitrogen 
(N) cycle changes, point and nonpoint-
source pollution, wildfi res, invasive 
species) that are also changing.
4. Climate change impacts on ecosystems 
will aff ect the services that ecosys-
tems provide, such as cleaning water 
and removing carbon (C) from the 
atmosphere, but we do not yet possess 
suffi  cient understanding to project the 
timing, magnitude, and consequences 
of many of these eff ects.
5. Existing monitoring systems, while 
useful for many purposes, are not 
optimized for detecting the impacts of 
climate change on ecosystems and nat-
ural resources.
Even under the most optimistic CO2
emission scenarios, important changes in 
sea level, regional and subregional temper-
atures, and precipitation patt erns will have 
profound eff ects on both agricultural pro-
duction and environmental quality (Smith 
et al., 2008). They state:
 Management of water resources will 
become more challenging. Increased 
incidence of disturbances such as 
forest fi res, insect outbreaks, severe 
storms, and drought will command 
public att ention and place increasing 
demands on management resources. 
Ecosystems are likely to be pushed 
increasingly into alternate states 
with the possible breakdown of tra-
ditional species relationships, such 
as pollinator/plant and predator/prey 
interactions, adding additional stresses 
and potential for system failures. Some 
agricultural and forest systems may 
experience near-term productivity 
increases, but over the long term, many 
such systems are likely to experience 
overall decreases in productivity that 
could result in economic losses, dimin-
ished ecosystem services, and the need 
for new, and in many cases signifi cant, 
changes to management regimes.
The CCSP report addressed the broad 
agricultural problems through consider-
ation of cropping systems, pasture and 
grazing lands, and animal management 
(Hatfi eld et al., 2008). They state:
 “The many U.S. crops and livestock vari-
eties are grown in diverse climates, regions, 
and soils. No matt er the region, however, 
weather and climate factors such as temper-
ature, precipitation, CO2 concentrations, and 
water availability directly impact the health 
and well-being of plants, pasture, rangeland, 
and livestock which all translate to pro-
ductivity. For any agricultural commodity, 
variation in yield between years is related to 
growing-season weather; weather also infl u-
ences insects, disease, and weeds, which in 
turn aff ect agricultural production.” 
Hatfi eld et al. (2008) stated:
The primary conclusions for the agri-
cultural sector were:
• With increased CO2 and temperature, 
the life cycle of grain and oilseed 
crops will likely progress more rap-
idly. But, as temperature rises, these 
crops will increasingly begin to expe-
rience failure, especially if climate 
variability increases and precipita-
tion lessens or becomes more variable.
• The marketable yield of many horti-
cultural crops—e.g., tomatoes, onions, 
fruits—is very likely to be more sensi-
tive to climate change than grain and 
oilseed crops.
• Climate change is likely to lead to a 
northern migration of weeds. Many 
weeds respond more positively to 
increasing CO2 than most cash crops, 
particularly C3 “invasive” weeds. 
Recent research also suggests that 
glyphosate, the most widely used 
herbicide in the United States, loses 
its effi  cacy on weeds grown at the 
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increased CO2 levels likely in the 
coming decades.
• Disease pressure on crops and domes-
tic animals will likely increase with 
earlier springs and warmer winters, 
which will allow proliferation and 
higher survival rates of pathogens 
and parasites. Regional variation in 
warming and changes in rainfall will 
also aff ect spatial and temporal distri-
bution of disease.
The importance of water in agricultural 
production cannot be overstated. While 
a very critical issue in balancing agricul-
tural productivity and environmental 
quality, climate change impacts on water 
defi cits are a critically important aspect 
of agricultural production (Postel, 1989). 
Agriculture’s demand and use of water con-
tinues to expand to meet the food needs of 
our expanding population. On land, the 
amount and frequency of rainfall determine 
the success of crops, as well as the survival 
of natural and agricultural ecosystems. 
Precipitation varies by both season and geo-
graphic area, with large impacts on both 
agricultural productivity and environmen-
tal quality. As one result, highly specialized 
ecosystems have developed, from deserts 
to rain forests. In the event of global warm-
ing, regional rainfall patt erns may shift . 
Similarly, the removal of forest cover for 
agricultural production may alter rainfall 
distribution because of reduced evaporation 
of water from plants. Changes in patt erns 
of precipitation could have dramatic eff ects, 
positive or negative, on all life on Earth.
Irrigation has underpinned the advance-
ment of human societies for several 
thousand years by enabling farmers to 
apply water when and where needed, turn-
ing many of the Earth’s sunniest, warmest, 
and most fertile lands into important crop-
production regions (Postel, 1989). Today, 
farming accounts for some 70% of global 
water use. In recent years, however, forces 
have begun to slow irrigation’s expansion 
and to raise questions about agriculture’s 
heavy claim on the world’s rivers, streams, 
and underground aquifers. As air temper-
atures rise and rainfall patt erns shift  with 
the onset of climate change, water supplies 
will increase in some areas and decrease in 
others. Whatever the outcome for particular 
regions, adjusting the global irrigation base 
to the changes in water availability will be 
costly. Moving rapidly to greater effi  ciency 
and equity in the use of water is the surest 
way to avert shortages and lessen irriga-
tion’s ecological toll. Stepped-up research 
into breeding strains of crops that are more 
salt tolerant and drought resistant would 
help prepare for a likely future of increased 
shortages and hott er, drier climates in 
some important food growing regions. The 
delicate balance between agricultural pro-
ductivity and environmental quality rests 
on balancing the water budgets of many 
countries as much as slowing the rapidly 
growing populations (Postel, 1989).
Environmental Issues: 
Resource Management 
versus Resource 
Conservation
Soil Quality and Soil Degradation
Soil quality is the fundamental foun-
dation of environmental quality. Soil 
quality is largely governed by soil organic 
matt er (SOM) content, which is dynamic 
and responds eff ectively to changes in soil 
management, primarily tillage and C input 
(Lal, 1987, 2003). Maintaining soil quality 
through carbon management can reduce 
problems of land degradation, decreasing 
soil fertility, and rapidly declining produc-
tion levels that occur in large parts of the 
world needing the basic principles of good 
farming practice (Lal, 1989, 1995, 2003).
Soil quality is a way of expressing the 
potential productivity of the soil based on 
qualitative att ributes. While there are many 
att ributes of soil quality, the one that con-
tributes the most to “good properties” of the 
soil is the carbon content. While a typical 
soil carbon content can have a range of up 
to 5% in mineral soils, the small amount of 
carbon is very critical for optimizing the soil 
physical, chemical, and biological proper-
ties. The overlapping interaction in the role 
of soil carbon and impacting soil properties 
is illustrated in Fig. 2|2. The critical role of 
soil carbon in maintaining these properties 
is also linked to agricultural global warm-
ing issues that may have contributed to 
the increase in atmospheric CO2 (Lal, 1995, 
1999a, 2003, 2004).
There is a global and urgent need for 
restoring the quality of degraded soils. 
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The urgency is highlighted by large areas 
of land degraded to some extent (Lal, 1987, 
1989, 1998; Oldeman et al., 1991), and the 
need is underscored by the world’s fi nite 
soil resources and high population pres-
sure. The per capita arable land area is 
rapidly shrinking, especially in densely 
populated China and India, where arable 
land resources are limited and the soil deg-
radation risks are alarmingly high. Critical 
strategies for soil restoration must be iden-
tifi ed on the basis of the concepts of soil 
resilience. Soil resilience refers to the ability 
of soil to resist or recover from an anthro-
pogenic or natural disturbance (Greenland 
and Szabolc, 1994; Lal, 1997). Soils diff er in 
resilience depending on several inherent 
characteristics. Highly resilient soils have 
high buff ering capacities and high rates 
of recovery or restoration. Fragile soils, in 
contrast, are unstable, cannot recover to 
the initial state, and may have lost some 
of their initial characteristics (Greenland 
and Szabolc, 1994). Soil resilience is closely 
linked to soil quality through soil carbon, 
because resilient soils have high soil quality 
and vice versa. Therefore, soil resilience can 
be assessed from the rate of change of soil 
quality with time (Lal, 1994).
Knowledge of soil resilience is essential to 
adopting appropriate restorative measures. 
The choice of restoration techniques depends 
on numerous factors, including the on-site 
and off -site impacts, socioeconomic issues of 
the farm household, and institutional sup-
port and policy issues. However, biophysical 
processes aff ecting soil quality decline are 
extremely important in the choice of techni-
cal measures. Equally or more important are 
the magnitudes of the past erosion and the 
current rate of soil erosion (Lal, 1987, 2003). 
The soil erosion must be controlled while alle-
viating the soil quality-related constraints 
caused by the past soil erosion. Because of 
the complexity of the problem and numerous 
interacting factors involved, it is appropriate 
to adopt an agroecosystem approach to soil 
quality restoration (Lal, 1989).
Contributing to a bett er understand-
ing of tillage impacts on the environment, 
Warkentin (2008) defi ned soil tilth as the 
“condition” of a soil in relation to the habi-
tat provided for seed germination and plant 
growth. Soil structure of surface horizons 
was perceived for many years as tilth of the 
seedbed and plowing or tillage to achieve it. 
The early social and technical history of tilth 
was largely the history of how to plow and 
how to plow well (Lal et al., 2007). With the 
advent of soil science laboratories, the dom-
inant concern soon became measurement 
of static properties expected to be related 
to tilth and stability of structure: aggre-
gate-size distribution, soil bulk density to 
calculate porosity, grain-size distribution, 
shape and size of aggregates, and stability 
of aggregates (Mikha and Rice, 2004; Olchin 
et al., 2008; Shepherd et al., 2001; Blanco-
Canqui and Lal, 2004; Warkentin, 2008). 
The importance of organic matt er and clay 
content in soil structure was generally rec-
ognized; however, all these soil properties 
were related to changes in soil caused by 
cultivation, and cultivation impacts on tilth 
and crop yield (Tisdall and Oades, 1982). 
Tisdall (1996) stated, “the concept of hierar-
chical arrangement of diff erent aggregate 
sizes, and the bonds responsible for stabil-
ity, drew att ention to diff erent void sizes 
and to the soil functions of each. The unique 
role of soil in ecosystems led to consider-
ing soil structure as defi ning the habitat for 
soil biological, physical, and chemical func-
tions such as decomposition, water routing, 
etc. Structure is now a concept centered on 
voids, and the term soil architecture became 
more appropriate; the spaces and surfaces 
of the spaces were more important than 
the solids of walls and roof.” Today’s soil 
structure research is again productive in 
concepts and applications and encourages 
less intensive tillage (Jastrow et al., 1996; Six 
et al., 1998, 2002; Warkentin, 2008).
Fig. 2|2. The interdependence of soil physical, 
chemical, and biological properties on soil carbon.
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Soil Erosion
One of the most degrading forces acting on 
the soil is erosion. Soil erosion is caused by 
intensive agricultural production. Soil that 
is loosened by tillage is more easily trans-
ported by wind or water, increasing the rate 
of erosion. In annual production systems, 
the soil surface is left  bare for months at a 
time, leaving a soil susceptible to erosion 
(Lal, 1987, 1995, 1998, 1999b, 2003).
Lal (1998) stated
Principal processes that lead to decline 
in crop yield due to erosion are: (1) 
reduction in eff ective rooting depth, (2) 
loss of plant nutrients and soil organic 
carbon (SOC), (3) loss of plant avail-
able water and available water-holding 
capacity (AWC), (4) loss of land area, 
and (5) damage to seedlings. There are 
also numerous indirect eff ects of accel-
erated soil erosion that are primarily 
due to the loss of resources during the 
season, for example, loss of fertilizer 
and agrichemicals, delayed sowing 
or re-sowing, supplemental irrigation 
required due to the loss of water runoff , 
additional machinery cost, etc. Other 
soil degradation processes, including 
compaction, acidifi cation, toxic contam-
ination, and salinization largely relate 
to specifi c regions in some countries.
On a global scale, the on-site eff ects of 
soil erosion are undermining the produc-
tivity of about 33% of the world’s cropland 
(Pimentel, 1993; Pimentel et al., 1987, 1995; 
Brown and Young, 1990).
In the 1950s, when the Soil Con-
servation Service (now known as the 
Natural Resources Conservation Service) 
began defi ning “tolerable” rates of soil ero-
sion from agricultural land, hardly any data 
on rates of soil formation were available. 
The agency thus determined the so-called 
soil loss tolerance values, or “T values,” 
on the basis of what farmers could do to 
reduce erosion without “undue economic 
impact” using conventional farming equip-
ment. These T values correspond to as much 
as 25.4 mm of erosion in 25 yr. But, recent 
research has shown the soil erosion rate 
to be far faster than the rate at which soil 
rebuilds (Montgomery, 2007; Heimsath et 
al., 1999). What was once “tolerable” is now 
“intolerable” based on what we have learned 
about soil formation.
Soil erosion is a major global issue 
because of its adverse economic and envi-
ronmental impacts (Lal, 1987, 1998, 2003; 
Pimentel et al., 1987, 1995). Lal (1998) stated:
 Economic impacts on productivity may 
be due to direct eff ects on crops/plants 
on-site and off -site, and environmen-
tal consequences are primarily off -site 
due either to pollution of natural waters 
or adverse eff ects on air quality due to 
dust and emissions of greenhouse gases. 
Off -site economic eff ects of erosion are 
related to the damage to civil structures, 
sedimentation of water ways and res-
ervoirs, and additional costs involved 
in water treatment. On-site eff ects of 
erosion on agronomic productivity are 
assessed with a wide range of meth-
ods, which can be broadly grouped into 
three categories: agronomic/soil quality 
evaluation, economic assessment, and 
knowledge surveys.
Agronomic methods involve greenhouse 
and fi eld experiments to assess erosion-
induced changes in soil quality in relation 
to productivity. There is also a need to 
assess on-site impact of erosion in relation 
to soil loss tolerance, soil life, soil resilience 
or ease of restoration, and soil manage-
ment options for sustainable use of soil 
and water resources (Lal, 1998). Restoration 
of degraded soils is a high global priority 
(Oldeman et al., 1991). If about 1.5 × 109 ha 
of soils in the world prone to erosion can 
be eff ectively managed to control soil ero-
sion, it would improve air and water quality, 
sequester C in the soil at the rate of about 1.5 
Pg yr−1, and increase food production (Lal, 
1995, 1998). Erosion-caused losses of food 
production are most severe in developing 
countries and elsewhere in the tropics.
Soil erosion is a complex process that 
depends on soil properties, ground slope, 
vegetation, and rainfall amount and intensity. 
Changes in historical land use, associated 
with intensive tillage, are widely recognized 
as accelerating soil erosion, and it has been 
long recognized that erosion in excess of 
soil generation would eventually result in 
decreased agricultural potential (Lal, 1998; 
Lal et al., 2007; Pimentel et al., 1987). Mont-
gomery (2007) concluded that “erosion rates 
from conventionally plowed agricultural 
fi elds averaged 1–2 orders of magnitude 
greater than rates of soil production, erosion 
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under native vegetation, and long-term geo-
logical erosion.” He concluded that “hill slope 
soil production and erosion evolve to balance 
geologic and climate forcing, whereas con-
ventional plow-based agriculture increases 
erosion rates suffi  ciently to prove unsus-
tainable.” Montgomery (2007) concluded 
further that “no-till agriculture produces 
erosion rates much closer to soil production 
rates and therefore could provide a founda-
tion for sustainable agriculture.” No-till, zero 
till, and direct seeding involves leaving crop 
residue on the soil surface instead of plow-
ing it under. The seeds are inserted directly 
into the soil by a specialized drill. The layer 
of organic matt er left  on the soil surface acts 
as a surface mulch to promote infi ltration 
and reduce runoff  and erosion. In the 1970s, 
few farmers in the United States used no-till 
techniques, but by 2000, 16% of the culti-
vated plants in the United States used no-till 
methods (Derpsch, 2001). Although no-till 
practices have been increasingly adopted in 
North and South America, approximately 5% 
of the global cropland is managed by using 
no-till (Lal et al., 1998). Only a fraction of U.S. 
no-till cropping systems are permanent no-
till. The imbalance between agricultural soil 
loss and formation under both native vege-
tation and geologic time scale is that, given 
enough time, continued soil loss will become 
a critical problem for global agricultural pro-
duction under conventional upland farming 
practices. With litt le new land that could be 
brought under sustained cultivation (FAO-
STAT, 2009; Brown, 1994; Brown and Young, 
1990; Chen, 1990; Fischer and Heilig, 1998; 
Gardner, 1996; Greenland et al., 1998; Young, 
1999) and the projected increase in the global 
population (Ehrlich et al., 1993), the issue of 
long-term conventional (high-intensity till-
age) agricultural sustainability will become 
an increasingly pressing issue.
Soil translocation from tillage operations 
has been identifi ed as a source of soil ero-
sion, which at specifi c landscape positions 
can be greater than the soil loss tolerance lev-
els (Lindstrom et al., 1992; Govers et al., 1994; 
Lobb et al., 1995, 2007; Poesen et al., 1997). 
Soil translocation or tillage erosion is the net 
movement of soil downslope in response to 
the action of mechanical implements. The 
soil is not directly lost from the fi elds by till-
age translocation or tillage erosion; rather, it 
is moved away from the convex slopes and 
deposited in concave slope positions. The 
loosened soil is redistributed as a result of the 
tillage tool and gravitational forces interact-
ing. Lindstrom et al. (1992) showed that soil 
movement on a convex slope in southwestern 
Minnesota could result in a soil loss of approx-
imately 30 t ha−1 yr−1 from annual moldboard 
plowing. Lobb et al. (1995) estimated soil loss 
in southwestern Ontario from a shoulder posi-
tion to be 54 t ha−1 yr−1 from a tillage sequence 
of moldboard plowing, tandem disk harrow, 
and a C-tine cultivator. In this case, tillage ero-
sion, as estimated through resident cesium-137, 
accounted for at least 70% of the total soil loss. 
Tillage speed increases the rate of tillage ero-
sion nonlinearly (Lobb et al., 1995; Lindstrom 
et al., 2000). Schumacher et al. (1999) concluded 
that tillage erosion resulted in more soil loss 
in the shoulder position, while soil loss from 
water erosion occurred primarily in the mid 
to lower backslope position. The decline in soil 
productivity was greater when both processes 
were combined compared to either process 
acting alone. The net eff ect of soil translation 
from the combined eff ects of both tillage and 
water erosion was increased spatial variability 
of crop yields, which led to a decline in overall 
soil productivity (Schumacher et al., 1999).
Agriculture’s Impact on 
Greenhouse Gases
Agricultural production also interacts with 
the environment on a global scale, and espe-
cially on global climate change. It is clear that 
agricultural production creates greenhouse 
gases (Reicosky et al., 2000) and releases CO2
during and aft er tillage (Reicosky and Lind-
strom, 1993, 1995; Ellert and Janzen, 1999). If 
agriculture production grows to keep pace 
with the food demand, it will likely add fur-
ther to the greenhouse gas problem. There 
is a relatively high degree of consensus 
among scientists that the average tempera-
ture of the Earth is increasing. There is some 
disagreement about the extent to which 
global warming has already occurred and 
about the extent to which human activities 
are responsible for the increase in green-
house gases that cause global warming. 
Agriculture is a relatively small player con-
tributing to greenhouse gases (Lal, 1999a). 
The three main greenhouse gases from 
agriculture that may cause global warming 
are CO2, methane (CH4), and nitrous oxide 
(N2O) (Reicosky et al., 2000). The increased 
mechanization in intensive agriculture in 
addition to the petrochemicals used raises 
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concern that energy use in agriculture will 
become an environmental problem. Chen 
(1990) reported that agricultural produc-
tion accounts for only 3.5% of commercial 
energy use in developed countries and 4.5% 
in developing countries.
Agriculture aff ects the condition of the 
environment in many ways, including 
impacts on global climate change through 
the production of greenhouse gases (Rob-
ertson et al., 2000). In 2004, the USEPA 
estimated that agriculture contributed 
approximately 7% of the U.S. greenhouse 
gas emissions (in carbon equivalents, or CE), 
primarily as CH4 and N2O. While agricul-
ture represents a small but relevant source 
of greenhouse gas emissions, it has the 
potential, with new practices, to also act 
as a sink, tying up, or sequestering, CO2 
from the atmosphere in the form of soil C 
(Lal, 1999a). Lal (1999a) stated, “Estimates of 
the potential for agricultural conservation 
practices to enhance soil C storage range 
from 154–368 million metric tons (MMTCE), 
which compare to the 345 MMTCE of reduc-
tion proposed for the U.S. under the Kyoto 
Protocol.” Thus, agricultural production 
systems can be manipulated for the dual 
benefi ts of reducing greenhouse gas emis-
sions and enhancing C sequestration, which 
contributes to increased productivity and 
environmental quality.
Tillage versus No-Tillage?
Tillage and Its Role 
in Crop Production
Tillage has many roles in crop produc-
tion (Cornish and Pratley, 1987; Titi, 2003; 
Reicosky and Allmaras, 2003). The concept 
of tillage systems combines various aspects 
of tilling, planting, managing residue, and 
applying pesticides and fertilizers. Because 
of the number and diversity of components 
in tillage systems, it is diffi  cult to give any 
one system a meaningful name or very pre-
cise defi nition (Reeder and Westermann, 
2007). Systems can be identifi ed accord-
ing to their ultimate objective, whether it 
is conventional or conservation tillage, and 
sometimes they are described by the pri-
mary tillage implement used (e.g., whether 
it’s a moldboard plow or a chisel plow). 
The name problem oft en is compounded 
because the defi nitions diff er between 
geographic regions. Diff erent names may 
be used to identify a similar tillage system 
in diff erent parts of the country. Listing all 
the operations in the system results in the 
most accurate description as described in 
Reicosky and Allmaras (2003).
Tillage can have a major impact on soil 
functions and soil quality (Karlen et al.,1994a, 
1994b; Reicosky, 1997). Warkentin (2001) dis-
cussed how alteration of soils by tillage 
changes the sustainability of soil functions. 
Soil tillage presents an enigma in think-
ing about soil sustainability in ecosystems. 
There is a several-thousand-year history 
of gradually increasing the disturbance of 
ever-greater volumes of soil (Lowdermilk, 
1953; Gebregziabher et al., 2006; Lal et al., 
2007) that gave the perception these tillage 
changes increased crop production. Spe-
cifi c soil uses, specifi c soils, characteristics 
of the site, and whether short or long-term 
changes are being evaluated determine 
the eff ects of tillage in agroecosystems. 
The largest eff ects of tillage are increased 
recycling rates and long-term decreases in 
porosity and diversity of habitat. The only 
benefi ts of tillage in annual crop produc-
tion appear to be a temporary improvement 
of water and oxygen conditions in a seed-
bed and the destruction of competing plant 
species (Warkentin, 2001). Environmental 
concerns such as water quality, diversity of 
habitat, storage of carbon and nitrogen, and 
water partitioning are all negatively aff ected 
by tillage.
The most widely recognized function of 
tillage is seedbed preparation. Seed place-
ment requires some form of tillage; even in 
no-till crop production systems, some soil 
must be disturbed to place the seed. Till-
age has been used for thousands of years to 
release nutrients from the soil through accel-
erated mineralization of organic matt er and 
to incorporate nutrients found in manures 
and crop residues. More recently, equipment 
has been developed to inject manures, com-
mercial fertilizers, and other amendments 
into the soil. Tillage, in the form of cultiva-
tion, has been used extensively in the past to 
control weeds and insects. The recent devel-
opment and use of commercial pesticides has 
greatly reduced the use of tillage. The wide-
spread adoption of no-till/zero till systems in 
North America has been largely att ributed to 
the availability of cost-eff ective glyphosate 
for weed control. With increasing interest in 
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limiting or eliminating pesticide use in crop 
production, a return to more intensive tillage 
systems can be expected if soil erosion con-
cerns are addressed. Tillage is also used to 
manage soil moisture (e.g., hilling row crops) 
and soil structure (breaking up soil crusts 
and alleviating soil compaction). Possibly the 
best example of a farm management practice 
which is not thought of as tillage but results in 
signifi cant soil disturbance is the harvesting 
of root crops such as potatoes and sugar beets.
More farmers have been adopting no-till 
farming to capture effi  ciencies in crop pro-
duction, saving money, time, and energy; to 
stop the loss of valuable topsoil by erosion; 
and to curb the runoff  of sediment, fertilizers, 
and pesticides into rivers, lakes, and even-
tually oceans. Despite the benefi ts of no-till, 
adoption worldwide remains low at less than 
7% (Derpsch, 2001). A balanced evaluation 
of the sustainability of no-till agricultural 
systems describing advantages and disad-
vantages is warranted and must address 
challenges, including diff erent equipment, 
pest management strategies, crop rotation, 
and fertility management, all which con-
tribute to a steep learning curve for farmer 
adoption. The future of no-till farming will 
address global climate change, population 
growth, hunger and food nutrition, energy 
conservation and biofuels, environmental 
degradation, endangered species, pesticide 
use, genetically modifi ed organisms and crop 
diversifi cation (Phillips and Young, 1973). 
Huggins and Reganold (2008) stated, “No-till 
is not a cure-all; rather, no-till is a component 
of a larger vision of sustainable agricul-
ture that is continually evolving and where 
diversity of farming methods from no-till 
to organic is healthy.” Future no-till farm-
ing will need to employ more diverse pest 
management strategies, including biological, 
physical, and chemical measures to lessen 
the threat of pesticide resistance. Greater 
diversity of economically viable crops would 
also advance no-till farming and its adoption. 
There is a need to move away from intensive 
annual tillage, primarily monoculture farm-
ing, such as current wheat- and corn-based 
production, toward integration of perennial 
crop production practices, and precision 
technologies into no-till and conservation 
tillage systems.
In discussing various soil manage-
ment practices that impact soil erosion, it 
is essential to understand the diff erence 
between conventional agriculture (conven-
tional tillage) and conservation agriculture 
(conservation tillage with minimum soil 
disturbance). There are regional diff erences 
in the meaning of “conventional” that need 
to be clarifi ed when discussing site-spe-
cifi c characteristics. Typically, conventional 
tillage over the last 30 yr has consisted of 
moldboard plow, disk harrow, and fi eld 
cultivator before planting. Reicosky and 
Allmaras (2003) described the diff erence 
between various tillage management sys-
tems presently used in North America. 
In no-till or zero till the soil is left  undis-
turbed from harvest to planting except for 
nutrient and/or seed injection. Planting or 
drilling is accomplished in a narrow seed-
bed or slot created by coulter, row cleaners, 
disk openers, in-row chisels, or roto-tillers. 
Weed control is accomplished primarily 
with herbicides. Cultivation may be used for 
emergency weed control.
While this defi nition of no-till/zero till/
direct seeding may not be globally accepted, 
it serves to illustrate the conservation 
aspects of no-till come from minimum soil 
disturbance, continuous crop residue cover, 
and the use of diverse rotations and cover 
crops to protect the soil surface from erosion 
forces. The eff ect of no-till in reducing soil 
erosion rates that approximate the long-term 
rates of soil production suggests a more sus-
tainable system (Montgomery, 2007).
No-till has the potential to deliver bene-
fi ts that are increasingly desirable in a world 
facing population growth, environmental 
degradation, rising energy costs, and climate 
change, among other daunting challenges. 
The terminology being developed for such 
systems is Conservation Agriculture (CA) (FAO, 
2009). Conservation agriculture implies con-
formity with all three principles supporting 
CA defi ned by FAO (2009) as: “ 1) minimum 
soil tillage disturbance, 2) diverse crop rota-
tions and/or cover crops, and 3) continuous 
plant residue cover.” Others are promoting 
the integration of crop and livestock produc-
tion and controlled traffi  c into the vision of 
CA. The foundation underlying the three 
main principles is how they interact with 
and contribute to soil carbon, the primary 
determinant of soil quality. Conservation 
agriculture includes concepts of no-till, zero 
till, and direct seeding as the ultimate form 
of CA. But no-till is not a cure-all; rather it is 
part of a larger system, requiring higher-level 
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management, evolving vision of sustainable 
agriculture, in which a diversity of farming 
methods is considered healthy. Ultimately, 
all farmers should integrate all aspects of 
conservation agriculture with no-till on their 
farms for sustainability.
Tillage and the Environment
The primary environmental benefi ts of all 
soil management practices are, fi rst and 
foremost, improvements in soil and water 
quality. Of all farm management practices, 
tillage may have the greatest impact on the 
environment. Reicosky (2008) stated:
Tillage, by aff ecting crop production, 
aff ects the environment: crop pro-
ductivity aff ects the production and 
consumption of CO2, the production of 
biomass above and below ground, the 
uptake of soil water and its transpira-
tion, and the effi  ciency of cropping 
inputs such as fertilizer and pesticides. 
In addition to its eff ects on crop pro-
duction, tillage also aff ects a variety 
of soil biophysical properties and pro-
cesses that impact the environment.
Tillage releases CO2 and mixes soil and crop 
residue to allow rapid decomposition of 
SOM (Reicosky and Lindstrom, 1993, 1995; 
Reicosky, 1997, 2002; Ellert and Janzen, 1999). 
In this way, tillage is a “double negative,” 
rapidly releasing carbon from the soil and 
contributing to the increase in the atmo-
spheric CO2 and an enhanced greenhouse 
gases eff ect. Tillage under windy condi-
tions loses soil carbon faster than under low 
wind speeds (Reicosky et al., 2008). Reicosky 
et al. (2008) stated that tillage “aff ects wind, 
water and tillage erosion, leaching and run-
off , greenhouse gas emissions, pesticide 
sorption and degradation, as well as other 
biophysical processes. Tillage intensity, by 
aff ecting the amount of crop residue on the 
soil surface and how that residue is distrib-
uted on and anchored to the soil, and by 
aff ecting the size of soil aggregates and their 
stability, has a large impact of wind and 
water erosion.” Tillage, through the action 
of soil disturbance and the downward force 
of gravity, causes the slow progressive 
downslope movement of soil, i.e., tillage ero-
sion (Lobb et al., 1995). Soil erosion results in 
the redistribution of soil within fi elds and 
losses from fi elds. Typically, in cultivated 
topographically complex landscapes soil 
loss is most severe on hilltops.
Huggins and Reganold (2008) concluded 
that “no till has the potential to deliver a host 
of benefi ts that are increasingly desirable in 
the world facing population growth, envi-
ronmental degradation, rising energy costs 
and climate change.” But they also stated that 
“no-till is not a cure-all; because such a thing 
does not exist in agriculture.” Huggins and 
Reganold (2008) considered no-till as part of 
a larger component of sustainable agricul-
ture in which the diff erent farming methods 
from no-till to organic and combinations are 
considered healthy. All farmers should inte-
grate all aspects of conservation agriculture, 
and no-till if feasible, on their farms for envi-
ronmental protection (Reicosky and Saxton, 
2007a,b; Reicosky, 2008).
Intensive tillage infl uences SOC dynam-
ics and storage. Studies have shown that 
the adoption of no-till leads to an accu-
mulation of SOC at or near the soil surface 
(0–10 cm; see West and Post, 2002; Deen 
and Kataki, 2003). There have been sev-
eral meta-analyses and scientifi c literature 
reviews on no-till vs. conventional tillage 
on SOC in world soils (e.g., Six et al., 2002, 
2004; West and Post, 2002; Alvarez, 2005), in 
which various forms of conventional tillage 
were considered (conventional tillage may 
involve noninversion primary tillage such 
as disk plowing or using a heavy cultivator, 
such as practiced in the Canadian prairies).
Furthermore, reducing tillage increases 
soil carbon sequestration compared with 
conventional moldboard plowing (Deen 
and Kataki, 2003). One of agriculture’s main 
greenhouse gas mitigation strategies is soil 
carbon sequestration (Lal et al., 1998; Iza-
urralde et al., 2001) wherein crops remove 
CO2 from the atmosphere during photosyn-
thesis, and nonharvested residues and roots 
are converted to soil organic matt er, which 
is 58% carbon. About one-half of the over-
all potential for U.S. croplands to sequester 
soil carbon comes from conservation tillage, 
including no-till (Dick and Durkalski, 1997; 
Lal et al., 1998).
Soil carbon sequestration has benefi ts 
beyond removal of CO2 from the atmosphere. 
No-till cropping reduces fossil fuel use, 
reduces soil erosion, and enhances soil fer-
tility and water-holding capacity. Benefi cial 
eff ects of conservation tillage on SOC con-
tent may be short-lived if the soil is plowed 
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even aft er a long time under conservation 
tillage (Pierce et al., 1994; Gilley and Doran, 
1997; Stockfi sch et al., 1999; Garcia et al., 2007; 
Quincke et al., 2007). Stockfi sch et al. (1999) 
concluded that “organic matt er stratifi cation 
and accumulation as result of long-term min-
imum tillage were completely lost by a single 
inversion tillage in the course of a relatively 
mild winter.” Several experiments in North 
America have shown more SOC content in 
soils of conservation tillage compared to 
plow till seed beds (Doran, 1980, 1987; Doran 
et al., 1987; Rasmussen and Rohde, 1988; 
Tracy et al., 1990; Havlin et al., 1990; Kern and 
Johnson, 1993; Lafond et al., 1994; Reicosky et 
al., 1995; Reicosky, 2001a,b). Liebig et al. (2005) 
reported “continuous cropping and no-till-
age resulted in carbon accumulation of 0.27 
Mg C/ha/yr, a value specifi c to the lower rain-
fall area of the U.S. Northern Plains.”
Soil plays a key role in maintaining a bal-
anced ecosystem and in producing quality 
agricultural products (Organization for Eco-
nomic Co-operation and Development, 2001). 
There can be a signifi cant time delay between 
recognizing soil degradation and develop-
ing conservation strategies to maintain soil 
health and crop productivity. The intensity 
of rainfall, degree of protective crop cover, 
slope, and soil type are the controlling fac-
tors of water erosion. The process of wind 
erosion is also controlled by climate (soil 
moisture conditions), crop cover, and soil 
type and involves detaching and transport-
ing soil particles (mainly silt and fi ne sand) 
over varying distances. Loss of topsoil by any 
type of erosion also contributes to the loss of 
nutrients. Soil tillage practices can also con-
tribute to erosion by moving soil on hilly 
landscapes, removing soil from the hilltop to 
the bott om (Lobb et al., 1995, 2007).
Without permanent no-till, many of the 
agronomic and environmental benefi ts are 
not realized (Grandy et al., 2006). Years of soil 
regeneration can be lost to a single inversion 
tillage event (Stockfi sch et al., 1999). Social 
and agronomic challenges as well as polit-
ical challenges continue to limit both the 
extent and rate of no-till development. These 
challenges should become an agricultural 
research priority that emphasizes integrated 
systems approach and long-term dynamics. 
Interdisciplinary solutions must address 
these complex problems so that no-till sys-
tems can be more extensively adopted and 
permanently maintained, thereby yielding 
their full agronomic, economic, social, and 
environmental potential. Although some 
carbon is sequestered (Smith et al., 2001), 
accelerated water erosion is responsible for 
net emission of about 1 Gt C yr−1 (Lal, 2003). 
Leaving crop residues aft er grain harvest 
increases the carbon content of soil and con-
trols erosion, but the benefi ts are lost if the 
biomass is plowed under because microor-
ganisms quickly degrade residue C to CO2
(Reicosky et al., 1995). Essential nutrients 
as part of SOC disappear with its depletion. 
Thus, farmers require more fertilizer, irriga-
tion, and pesticides to preserve yield while 
water quality can deteriorate when less SOC 
is available for natural fi ltering.
No-till agriculture reduces the loss of 
the SOC pool (Dalal et al., 1995; Sa et al., 
2001; West and Post, 2002), with surface 
residues conserving soil water and inhib-
iting weeds. Soil C enhancement improves 
agronomic productivity (Bauer and Black, 
1994) and resource-use effi  ciency of impov-
erished soils. The benefi cial eff ects of 
enhanced SOC cannot be fully replaced by 
increased levels of fertilizer, especially in 
soils of the tropics (Kanchikerimath and 
Singh, 2001). No-till, in combination with 
mulching and crop rotation to enhance the 
SOC pool (Angers et al., 1995; Jenkinson, 
1991; Smith and Powlson, 2000; Drinkwa-
ter et al., 1998; Uhlen and Tveitnes,1995), is 
also a viable strategy for sustainable man-
agement of soils of the tropics.
Tillage causes the release of the labile 
fraction soil organic matt er from within the 
aggregates; plus the incorporation of the 
aboveground biomass leads to increased 
SOC availability for decomposition (Shep-
herd et al., 2001). As result, microbial activity 
increases, leading to accelerated CO2 emis-
sions (Reicosky and Lindstrom, 1993; Ellert 
and Janzen, 1999) and N mineralization rates. 
Although some of the nitrate produced from 
tillage is taken up by the plants, the release 
of this N is oft en poorly synchronized with 
plant nitrogen needs, which usually do not 
peak for eight or more weeks aft er tillage, 
making the mineralized N highly suscep-
tible to loss via leaching and denitrifi cation. 
Associated with these changes in soil aggre-
gation and organic matt er availability are 
increases in soil temperature and oxygen 
concentration that further stimulate micro-
bial decomposition. This process can be 
reversed by eliminating tillage, but the 
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recovery of the aggregates and aggregate-
associated carbon pools takes several years 
longer than the destruction that occurs with 
a single tillage event (Pierce et al., 1994; Stock-
fi sch et al., 1999; Garcia et al., 2007; Grandy et 
al., 2006; Quincke et al., 2007). Clearly, till-
age has an immediate and striking eff ect on 
soil fauna and biological processes (Calde-
rón et al., 2001; Jackson et al., 2003), and even 
intermitt ent tillage of no-till systems may 
undermine eff orts to restore soil physical 
and biological processes and sequestered 
carbon in the systems (Six et al., 2004).
Several years are oft en required before 
soil aggregate stability increases in no-till 
systems. As a result, compaction may limit 
growth and denitrifi cation rates may be high 
due to anaerobic sites (Ismail et al., 1994; Six 
et al., 2004). Grandy et al. (2006) found sub-
stantial changes in soil aggregation within 
31 d following tillage, suggesting that tillage 
per se, rather than the indirect eff ects of bare 
soils or plant community changes, destroyed 
soil aggregates. A handful of studies in dif-
ferent geographical regions demonstrated 
changes in the distribution of organic mat-
ter between soil size fractions and depths 
following tillage of long-term no-till soils 
(Tiessen and Stewart, 1983; Pierce et al., 1994; 
VandenBygaart and Kay, 2004). Soil aggre-
gation changes rarely have been studied 
following this conversion from no-till. Soil 
aggregation may be the single best indicator 
of the agronomic and environmental eff ects 
of tillage because it infl uences soil structure, 
soil permeability, and water-holding capac-
ity, as well as soil organic matt er turnover in 
nutrient cycling (Jastrow et al., 1996; Grandy 
et al., 2002; Shaver et al., 2003).
Historical data have demonstrated the 
degradation of accelerated soil erosion in 
agricultural societies to the extent that epi-
sodes of severe soil erosion were associated 
with the rise and decline of civilization 
in the Middle East (Lowdermilk, 1953; 
Gebregziabher et al., 2006; Lal et al., 2007). 
Montgomery (2007) analyzed historical 
data and concluded that the erosion rates 
from conventionally plowed agricultural 
fi elds averaged one to two orders of magni-
tude greater than the rates of soil formation 
or long-term geological erosion. Losing soil 
faster than it can be generated is not a sus-
tainable system and will eventually result 
in decreased agricultural production. Soil 
erosion rates in conventionally plowed 
fi elds can erode through a typical hill-
slope soil profi le over time scales that are 
comparable to the longevity of some major 
civilizations. Montgomery (2007) stated 
that “no till agriculture produces erosion 
rates much closer to soil production rates 
and therefore could provide a foundation 
for sustainable agriculture.”
In the past several decades, scientists 
have determined that measuring the soil 
concentrations of certain isotopes that 
form at a known rate permits direct quan-
tifi cation of soil production/formation 
rates. Applying this technique to soils in 
temperate regions Heimsath et al. (1999) 
found soil production rates ranging from 
0.02997 to 0.08001 mm (0.00118–0.00315 
inch) per year. As such, it takes 300 to 850 
yr to form 25.4 mm of soil in these places. 
Montgomery’s (2007) global compilation 
of data revealed an average rate of 0.01701 
to 0.03607 mm (0.00067–0.00142 inch) per 
year—equivalent to 700 to 1500 yr to form 
25.4 mm of soil. With natural soil produc-
tion rates of centuries to millennia per 25.4 
mm and soil erosion rates of millimeters 
per century under plow-based agriculture, 
it would take just several hundred to a cou-
ple of thousand years to plow through the 
soil in these regions. This simple estimate 
predicts remarkably well the life span of 
major agricultural civilizations around 
the world. With the exception of the fer-
tile river valleys along which agriculture 
began, civilizations generally lasted 800 
to 2000 yr, and geo-archaeological studies 
have now shown a connection between soil 
erosion and the decline of many ancient 
cultures (Lowdermilk, 1953; Gebregziabher 
et al., 2006; Lal et al., 2007).
No-till off ers some economic advantages 
to farmers. The number of passes over a 
fi eld needed to establish and harvest a crop 
with no-till typically decreases, requir-
ing 50 to 80% less fuel and 30 to 50% less 
labor than tillage-based agriculture, sig-
nifi cantly lowering production costs per 
acre (Phillips and Phillips, 1984). Although 
specialized no-till seeding equipment can 
be expensive, running and maintaining 
intensive tillage equipment is no longer 
necessary, lowering the total capital and 
operating costs of machinery required by 
up to 50% (Phillips and Young, 1973; Phil-
lips and Phillips, 1984). With these savings 
in time and money, farmers can be more 
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competitive at smaller scales, or they can 
expand and farm more land, sometimes 
doubling farm size using the same equip-
ment and labor. Many farmers appreciate 
that the time they once devoted to rather 
mundane tillage tasks they can instead 
spend on more challenging aspects of 
farming, family life, or recreation, thereby 
enhancing their quality of life.
Future no-till agriculture will need to 
employ more diverse pest and weed man-
agement strategies, including biological, 
physical, and chemical measures to lessen 
the threat of pesticide resistance. Crop 
rotation is already helping no-till’s war on 
pests and weeds by helping to break up 
the weed, pest, and disease cycles when 
one species is grown continuously (Cale-
gari et al., 2008). The capacity to grow a 
diverse selection of economically via-
ble crops would advance no-till farming 
and make it more appealing to farmers. 
Experts continue to debate the merits of 
growing fuel on farmland, but if society 
decides to expand biofuel crops, we will 
need to consider using no-till with diverse 
crop rotation to produce them sustainably 
(Moebius-Clune et al., 2008). Develop-
ment of alternative crops for bioenergy 
production on marginal lands, includ-
ing perennials such as switchgrass, could 
complement and promote no-till farming, 
as would perennial grain food crops cur-
rently under development.
Soil Carbon, Nitrogen, 
and Nutrient Cycling
The importance of the soil carbon cycle is 
oft en overlooked in traditional agricultural 
studies because the primary focus is on the 
crop yield, which is not subject to known 
carbon limitations, and on those nutrients 
such as nitrogen that do limit productivity. 
The decomposition portion of the carbon 
cycle governs many agronomic processes 
that occur below ground and manifest 
themselves above ground. Microorganisms 
control the decomposition of C, and their 
activity regulates nutrient cycling in soils. 
Even though the consequences of their 
activities can be quite obvious, the pres-
ence of most microorganisms is usually 
taken for granted in cropping systems. In 
studies of ecosystems, microorganisms are 
generally considered not as organisms, in 
an autoecological sense, but as disembod-
ied rates and pools of nutrients. A bett er 
mechanistic understanding of many eco-
system processes could be obtained from 
knowledge of microbial species composi-
tion, physiology, and metabolism; of the 
factors controlling microbial populations 
and activities; and of the spatial and tem-
poral distribution of microorganisms.
Soil humus comprises a large and stable 
pool of soil organic matt er (SOM); hence a 
bett er understanding of the fate of C in soil 
humic fractions can provide valuable infor-
mation for the development of alternative 
tillage practices that may lead to long-term 
soil C sequestration. Murage and Voroney 
(2008) reported tillage eff ects on the dynam-
ics of native C (C3-C) and corn-derived C 
(C4-C) in fulvic acid (FA), humic acid (HA), 
and humin fractions:
 Humic substances were extracted 
from soils cropped with corn for 11 
yr and managed under either 55 yr of 
conventional tillage (CT) or no-tillage 
(NT). No-tillage resulted in higher pro-
portions of C4-C in the upper 5 cm 
and generally lower C4-C proportions 
below 5 cm than CT. Up to 31, 27, and 
34% of C4-C were assimilated into FA, 
HA and humin fractions, respectively, 
indicating that even the humin fraction, 
oft en described as passive, old, or resis-
tant, acted as a sink for recently added 
C, and that it is heterogeneous with 
some young components. Recovery of 
large proportions of C3-C in the humic 
fractions demonstrated their impor-
tance in the long-term stabilization 
of SOM. Within each sampling depth, 
there were no unique diff erences in the 
distribution of C3-C among the three 
humic fractions, suggesting similar 
turnover of C3-C in all the fractions.
These results show the subtle impact of 
intensive tillage on new and old carbon 
cycling in our production systems that 
awaits further research (Angers et al., 1997; 
Huggins et al., 2007).
While the adoption of no-till can lead 
to the accumulation of SOC in the sur-
face soil layers, a number of recent studies 
have shown that this eff ect is sometimes 
partly or completely off set by greater SOC 
content near the bott om of the plow layer 
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under full-inversion tillage (FIT) (Six et al., 
2002; West and Post, 2002; Baker et al., 2007; 
Blanco-Canqui and Lal, 2008; Christopher 
et al., 2009). Angers and Eriksen-Hamel, 
(2008) reviewed the literature in which SOC 
profi les had been measured under paired 
no-till and FIT situations. Full-inversion 
tillage is inferred as moldboard plow as 
primary tillage likely followed with some 
form of secondary tillage (Reicosky and 
Allmaras, 2003). Angers and Eriksen-Hamel 
(2008) found profi les of SOC had to be mea-
sured to at least 30 cm, and in most studies, 
SOC content was signifi cantly greater 
under no-till than full-inversion tillage in 
the surface soil layers. At the 21- to 25-cm 
soil depth, which corresponds to the mean 
plowing depth for the data set (23 cm), the 
average SOC content was signifi cantly 
greater under FIT than no-till. The rela-
tive accumulation of SOC at depth under 
FIT could not be related to soil or climatic 
variables. Furthermore, the organic mat-
ter accumulating at depth under FIT was 
present in relatively stable form, but this 
hypothesis and the mechanisms involved 
require further investigation. Signifi cant 
diff erences in SOC stocks between FIT and 
no-till situations occur at the soil surface 
but also at depth, which further highlights 
the importance of taking into account the 
whole soil profi le when comparing soil C 
stocks (Baker et al., 2007; Blanco-Canqui 
and Lal, 2008; Christopher et al., 2009). The 
accumulation of SOC at depth in FIT situa-
tions is occurring at the bott om of the plow 
layer, but to some extent also below it. The 
greater SOC content at depth under FIT did 
not completely off set the gain under no-till 
in the surface horizon, with the net result 
that the average SOC stocks were greater 
under no-till than under FIT. The extent, 
mechanisms, and factors controlling SOC 
stabilization at depth require further inves-
tigations for all types of tillage implements, 
especially inversion tillage.
Sanchez et al. (2004) investigated the 
impact of cropping system management on 
C and N pools, crop yield, and N leaching in 
a long-term agronomic experiment in south-
west Michigan. Four management types 
ranging from conventional to transitional 
organic were applied to two crop sequences 
with and without legume cover crops. Using 
compost as a fertility source and reducing 
the use of herbicides and other chemicals 
resulted in long-term changes in soil organic 
matt er pools. Mineralizable N varied within 
the rotation, tending to increase aft er soybean 
and decrease aft er corn production in all sys-
tems. Corn yield was closely associated with 
70-d N mineralization potential, being great-
est for fi rst-year corn with cover crop and least 
for continuous corn without cover crop under 
all management types. Fall nitrate level and 
nitrate leaching were higher for commercially 
fertilized corn than for any other crop or for 
compost-amended corn. This unique long-
term agriculture experiment shows how a 
production system integrating reduced chem-
ical inputs and a well-designed crop rotation 
can produce higher yield and lower leach-
ing than a comparable conventional system. 
Organic C and N storage increased up to 43 
and 33% in the integrated compost and tran-
sitional organic systems, which decreased the 
need for additional fertilizers and should tend 
to improve soil structure and physical condi-
tion. Legume cover crops were particularly 
important within wheat stubble and resulted 
in a 13% increase in fi rst-year corn yield.
The results of Sanchez et al. (2004) are 
general and can be applied to corn-based 
agroecosystems anywhere. In general, 
agroecosystems that make bett er use of 
short- and long-term C and N pools will 
tend to be more productive and environ-
mentally sustainable than systems that rely 
on heavy applications of chemical fertil-
izers and herbicides. Applying a properly 
structured diverse crop rotation to soils 
under limited tillage, utilizing legume 
cover crops where appropriate, taking an 
integrated pest management approach 
to weed management, and supplement-
ing fertility with animal waste products 
all tend to increase labile soil organic C 
and N. Sequestering C in soils has a sig-
nifi cant impact on the global C cycle and 
enhances the mineralizable forms of C and 
N, resulting in greater soil N supplying 
and recycling capacity. This may be useful 
in all production systems but is essential 
where synthetic fertilizers are not the pri-
mary N source (Russell et al., 2006; Khan 
et al., 2007). Widespread adoption of the 
strategies suggested in this study have the 
potential to improve soil and water qual-
ity without aff ecting yield and are likely 
to contribute to a cleaner environment on 
a global scale.
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Biomass and 
Bioenergy Concerns
Biofuels have huge potential for renewable 
energy development. With the global pop-
ulation growing, the demand for food and 
energy is intensifying. Despite our best 
eff orts, intensive agricultural practices are 
still compromising the natural resource base 
that we rely on for food production (Larson, 
1979). Increased land area required for pro-
ducing biomass for energy use may result 
in less land available for food production 
and, hence, less food production, possibly 
endangering global food security (Giampi-
etro et al., 1997). Using a modeling analysis, 
Wolf et al. (2003) showed that when a high 
input system of agriculture is applied, 55% 
of the present global agricultural land area 
is needed for food production to the year 
2050. The remaining 45% can be used for 
other purposes, such as biomass production. 
On the other hand, if a low input system is 
applied at the global scale for food produc-
tion, there is no land available for biomass 
production. Unfortunately, Wolf et al. (2003) 
did not address production sustainability 
and the long-term implications of poten-
tial soil degradation associated with corn 
biomass removal (soil carbon depletion), a 
major environmental concern (Grigal and 
Berguson, 1998; Mann et al., 2002; Wilhelm 
et al., 2004, 2007; Lemus and Lal, 2005; John-
son et al., 2006a,b, 2007; Hoskinson et al., 
2007; Graham et al., 2007).
The basic challenge for soil conservation 
is not biofuel use, but the way in which bio-
mass is produced (Plieninger and Bens, 2007). 
Plieninger and Bens (2007) stated, “Innova-
tive land-use systems specifi cally designed for 
energy crops that have both high energy pro-
duction per unit land area and support high 
structural and species diversity might off er a 
way to cope with this energy and environmen-
tal dilemma.” Biofuels may be the renewable 
energy carrier with the highest relevance for 
biological conservation, but both conserva-
tion science and policy are just starting to 
understand the dimensions of the challenge 
(Larson, 1979). Life cycle assessments for 
biofuels are very complex and highly contro-
versial; the system limits in terms of included 
environmental parameters and steps of the 
production process are oft en not standard-
ized, and assessments can hardly keep pace 
with the rapid changes in the fi eld. Signifi cant 
greenhouse gas emissions can be released 
in manufacture of nitrogen fertilizer inputs. 
Considering the choice of energy conversion, 
life-cycle assessments indicate that using 
biofuels for heat and electricity generation is 
generally superior to automotive fuels (Crut-
zen et al., 2007; Plieninger and Bens, 2007). In 
most cases energy crops are placed on fertile 
soils, where direct competition between food 
and fuel production arises. Currently there 
are few political and economic incentives for 
energy crops to encroach on marginal lands 
of high conservation value, although there is 
concern that seminatural grasslands might be 
converted to energy croplands with switch-
grass (Liebig et al., 2005). Current energy 
cropping systems are largely derived from 
conventional intensive tillage agricultural 
and include monoculture crops and high 
inputs of synthetic nitrogen fertilizer. Crut-
zen et al. (2007) stated, “An estimated 83% of 
the global land area is already under direct 
human infl uence, and further extending the 
human footprint on land may be accompa-
nied by negative ecological concomitants.” 
Innovative land-use systems, specifi cally 
designed for energy crops, that both have 
high energy productivity per area and sup-
port a high structural and species diversity 
are needed. Potential strategies comprise the 
diversifi cation of crop rotations, reductions in 
mineral fertilizer and herbicide use, the use of 
a broader diversity of crop species and vari-
eties, the design of mixed cropping systems, 
longer harvest intervals, and increased physi-
cal landscape structure. Effi  cient conservation 
standards for bioenergy could help to integrate 
ecological knowledge and thus direct bioen-
ergy into pathways that are compatible with 
landscape protection, biodiversity, soil con-
servation, and cultural issues. Future policies 
that provide bett er incentives for biofuels with 
a high energy effi  ciency and a high potential 
for greenhouse gas emission reduction must 
accommodate the long-term implications of 
potential soil degradation associated with 
corn biomass removal (soil carbon depletion) 
that is of major environmental concern (Mann 
et al., 2002; Reicosky et al., 2002; Wilhelm et al., 
2004, 2007; Lemus and Lal, 2005; Johnson et al., 
2006a,b, 2007; Graham et al., 2007).
Above- and belowground crop bio-
mass provide the organic carbon input for 
building SOM (Johnson et al., 2006a). Soil 
organic matt er is responsible for many of 
the characteristics associated with highly 
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productive soils (Doran et al., 1998; Doran, 
2002; Janzen et al., 1998). Soil organic mat-
ter improves soil aggregation and aggregate 
stability (Gollany et al., 1991; Tisdall and 
Oades, 1982; Tisdall, 1996; Six et al., 1998), 
which subsequently impacts soil infi ltra-
tion, water-holding capacity (Gollany et al., 
1992), aeration, bulk density (Gollany et al., 
1992), penetration resistance, and soil tilth. 
Mann et al. (2002) reviewed existing litera-
ture to evaluate the major environmental 
impacts potentially associated with stover 
harvest from reduced tillage corn produc-
tion sites. Mann et al. (2002) stated that 
“more information is needed on several top-
ics to determine potential long-term eff ects 
of residue harvest including: (1) erosion 
and water quality, especially pesticides and 
nitrate; (2) rates of transformation of diff er-
ent forms of SOC; (3) eff ects on soil biota; 
and (4) SOC dynamics in the subsoil. Soil 
organic matt er also impacts chemical prop-
erties including pH, nutrient availability 
and cycling, cation-exchange capacity and 
buff er capacity.” This long list of soil car-
bon benefi ts from the plant biomass makes 
it diffi  cult to understand the combination 
of intensive tillage and removal of biomass 
for bioenergy as a truly sustainable produc-
tion system. Experts continue to debate the 
merits of growing biomass for bioenergy on 
farmland, but if society decides to proceed 
with biofuel crops, we will need to consider 
using no-till with diverse crop rotation to 
produce them sustainably (Reicosky et al., 
2002; Moebius-Clune et al., 2008).
Primarily, organic C inputs to soil are 
from the unharvested aboveground, below-
ground biomass and rhizodeposition from 
cash crop plants and cover crops, and other 
organic inputs (e.g., animal manure). Stud-
ies have shown that manure application 
increased SOC and nutrient status in the 
soil (Webster and Goulding, 1989; Collins 
et al., 1992; Rochett e and Gregorich, 1998) 
and labile carbon pools (Aoyama et al., 1999; 
Mikha and Rice, 2004). Total corn root-
derived C (C in root biomass plus that in 
rhizodeposition) contributes from 1.5 times 
to more than 3 times more C to SOC than 
shoot-derived C (Balesdent and Balabane, 
1996; Wanniarachchi et al., 1999; Allmaras et 
al., 2004; Wilts et al., 2004; Hooker et al., 2005). 
Hooker et al. (2005) att ributed the diff erence 
to dissimilar C cycling rates of shoot and 
root material. Wilhelm et al. (2004) noted a 
critical caveat that even though a larger per-
centage of root C is incorporated into SOC, 
it does not negate the importance of shoot 
biomass in building and maintaining SOC. 
Despite the importance of roots to the for-
mation of SOC, there is litt le information 
on total biomass (above and belowground) 
needed to maintain or build SOC. Most 
studies include only aboveground biomass 
(Reicosky et al., 2002; Johnson et al., 2006a; 
Wilhelm et al., 2007).
Johnson et al. (2006a) estimated the 
minimum amount of biomass necessary 
to prevent loss of SOC based on literature 
values from long-term fi eld-studies. These 
estimates need to be improved to account 
for climatic and soil type eff ects. They are, 
however, the fi rst published estimates of 
minimum biomass required to maintain 
productivity (i.e., SOC) and provide general 
guidelines to the cellulosic ethanol indus-
try. These guidelines are stated as absolute 
amount of biomass input, not as a portion 
of the amount produced, as is more com-
monly stated, especially for preventing 
erosion. The soil C cycle works slowly. Even 
though SOC decomposition rates fl uctuate 
with seasonal temperature and water condi-
tion, over time a mean rate of biomass input 
is required to replace C released from the 
soil system. The estimates by Johnson et al. 
(2006a; 2006b) are from limited data in the 
literature and based on long-term (mean) 
inputs. Crop yields fl uctuate over seasons 
depending on the weather extremes.
Erosion prevention and C sequestra-
tion benefi ts associated with cover crop use 
make their use in conjunction with harvest-
ing biomass appealing, provided that the 
added complexity to scheduling equipment 
and labor to accomplish additional tasks is 
not limiting. Preventing soil loss from ero-
sion and increasing the infl ux of C to the 
soil by extending the photosynthetic season 
builds SOM and improves soil quality (Dab-
ney et al., 2001). Cover crops in conjunction 
with conservation tillage practices sequester 
more C than conservation tillage alone (Cau-
sarano et al., 2006; Calegari et al., 2008). The 
C input from cover crops was linearly related 
to soil C concentration (Kuo and Jellum, 2002), 
consistent with others who reported linear 
increases in soil C with increased C inputs 
(Larson et al., 1972; Paustian et al., 1997; Fol-
lett  et al., 2005). The question remains as 
to whether cover crops provide suffi  cient 
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biomass to prevent erosion and loss of SOM 
in a system removing biomass for bioenergy 
(Moebius-Clune et al., 2008).
An important requirement for any bio-
mass cropping is the sustainability of the 
production system (Volk et al., 2004). While 
the withdrawals of nutrients are probably 
small and the soil C contents will rather 
slightly increase than decrease under most 
scenarios (Lemus and Lal, 2005), soil fertil-
ity depletion can be an issue and has been 
the justifi cation to fertilize bioenergy planta-
tions with the ash from combustion residue 
(Park et al., 2005). Limited information on the 
impacts of tillage with residue removal sug-
gests that tillage is more of a factor in carbon 
loss than the biomass return for soil carbon 
input (Karlen et al., 1994a, 1994b; Hooker et 
al., 2005; Moebius-Clune et al., 2008).
The minimum detectable diff erence in 
SOC was calculated as a function of vari-
ance and sample size for SOC changes 
aft er 5 yr under a herbaceous bioenergy 
crop (Garten and Wullschleger, 1999). The 
authors showed that the smallest diff erence 
that could be detected was about 1 t C ha−1, 
and this could only be done using exceed-
ingly large sample sizes. The minimum 
diff erence that could be detected with a rea-
sonable sample size and a good statistical 
power (90% confi dence) was 1 t C ha−1. Most 
agricultural practices will not cause the soil 
to accumulate this during a 5-yr commit-
ment period (Smith et al., 1998).
Loss of fertility is a major impact of soil 
erosion, especially in old and highly weath-
ered soils in which SOC and plant nutrients 
are concentrated in the upper few centime-
ters of the soil profi le. Loss of soil fertility 
is the principal cause of yield decline on 
eroded soils (Peterson, 1964). Nutrient losses 
are more severe on arable lands, where sup-
plemental fertilizers applied can have a 
masking eff ect on crop yields (Cleveland, 
1995). There are two mechanisms of fertil-
ity decline by erosion (Helvey et al., 1985). 
The greatest nutrient losses occurred with 
mass soil movements and the soil depos-
ited in alluvial fans. High nutrient losses 
occurred in soils that did not receive chemi-
cal fertilizers. Controlled biomass burning 
may, in some cases, reduce risks of runoff  
and nutrient losses compared with uncon-
trolled burning. In Spain, Mangas et al. 
(1992) observed that nutrient loss in run-
off  aft er burning was between 8 and 35% 
of that of the previous year, while the vol-
ume of runoff  was only 3%, implying greater 
concentration of nutrients in runoff . Wall-
ingford (1991) prepared a nutrient balance 
sheet for major U.S. crops and observed the 
N budget to be slightly positive and stable 
in the 1990s, the P budget was negative aft er 
being positive in the 1960s and 1970s, and 
the K budget was strongly negative. This 
budgeting exercise, however, did not take 
into consideration the losses due to ero-
sion that in some cases may be substantial. 
Experiments conducted on Vertisols (fi ne, 
montmorillonitic, thermic, Udic Pellusterts) 
in east-central Texas showed that losses of 
plant nutrients in no-till and chisel till treat-
ments were 3.8 and 8.1 kg ha−1 for N and 0.8 
and 1.5 kg ha−1 for P, respectively (Chichester 
and Richardson, 1992). The combination of 
nutrient and soil loss with erosion is a dou-
ble negative exacerbated by intensive tillage.
Summary and 
Conclusions
Humans require a secure and renewable 
natural-resource base to sustain their basic 
needs for future social and economic activity. 
However, while deriving natural resources 
from the terrestrial biosphere, humans 
also inadvertently modify their environ-
ment. The 20th century saw an expanding 
human population, increasing agricultural 
yields, and a decreasing land-resource base. 
To feed the world population, agriculture 
has expanded using intensive tillage, result-
ing in a greater impact on the environment, 
human health, and biodiversity. But, given 
our current knowledge of the planet’s capac-
ity, we now realize that producing suffi  cient 
food is not enough—it must also be done 
sustainably. Farmers need to generate ade-
quate crop yields of high quality, conserve 
natural resources for future generations, 
make enough money to live on, and be fair 
and equitable to their workers and commu-
nity. No-till farming is one system that has 
the potential to help realize this vision of a 
more sustainable agriculture. As with any 
new system, there are challenges and trade-
off s. Nevertheless, growers in some parts 
of the world are increasingly abandoning 
their plows. Leaving crop residues on the 
soil surface provides soil protection and 
helps to increase water infi ltration and limit 
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runoff . Decreased runoff , in turn, can reduce 
pollution of nearby water sources with trans-
ported sediment, fertilizers, and pesticides. 
The residues also promote water conserva-
tion by reducing evaporation in drier areas. 
In instances where water availability limits 
crop production, greater water conservation 
can mean higher-yielding crops or new capa-
bilities to grow alternative crops.
The balance between agricultural pro-
ductivity and environmental quality relies 
on proper resource management. The 
sun, soil, water, and air are our primary 
resources for food security. The increasing 
global population requires improved man-
agement of these resources and challenges 
our human intellectual capacity to meet the 
food security needs of all society. As the 
global population continues to expand, our 
food security becomes a litt le more chal-
lenging when we recognize that we have a 
fi nite amount of land area for agricultural 
production. The increasing productivity 
required to meet this increasing demand for 
food must be done in an environmentally 
friendly way to maintain our quality of life. 
Improved soil management practices with 
emphasis on SOC to maintain soil physical, 
chemical, and biological properties to mini-
mize soil degradation are urgently needed. 
Many of the environmental issues of inten-
sive agriculture can be directly related to 
intensive tillage and its unintended conse-
quences. Intensive tillage destroys the soil 
structural integrity, the natural soil fauna 
habitat, releases CO2 and enhances soil min-
eralization and breakdown of SOM, causes 
tillage erosion on sloping lands, and sets the 
soil up for wind and water erosion that all 
contribute to degradation of soil, water, and 
air quality. There is compelling evidence 
that intensive tillage of our agricultural 
landscapes is responsible for environmental 
degradation in our agricultural ecosystems. 
To conserve resources for future genera-
tions, we need alternatives to conventional 
farming practices. No-till systems simulta-
neously reduce the erosive force of runoff  
and increase the ability to hold soil in place, 
making these methods remarkably eff ective 
at curbing erosion. Although the eff ect of no-
till on erosion rates depends on a number 
of site-specifi c factors, such as the soil type 
and crop, less intensive tillage can decrease 
soil erosion rates close to soil formation rates. 
There’s a defi nite need for improved best 
management practices that lead to decreased 
tillage intensity and improved plant manage-
ment techniques for capturing solar energy 
in the form of photosynthesis and for return-
ing nutrients and carbon to the soil. While 
our society has a tremendous need for bio-
energy from biomass, caution is suggested 
until the long-term implications of biomass 
and carbon removal for our food security are 
understood. More troubling, the environ-
mental degradation caused by agriculture 
will likely worsen as the hungry human pop-
ulation grows to eight billion or ten billion 
in the coming decades. The need for critical 
research to develop the best management 
practices to maintain this delicate balance 
between agricultural productivity and envi-
ronmental quality cries for our att ention with 
more emphasis on reducing tillage intensity.
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